Recent magnetic resonance spectroscopy (MRS) studies suggest that abnormalities of the glutamatergic system in schizophrenia may be dependent on illness stage, medication status, and symptomatology. Glutamatergic metabolites appear to be elevated in the prodromal and early stages of schizophrenia but unchanged or reduced below normal in chronic, medicated patients. However, few of these studies have measured metabolites with high-field 7T MR scanners, which offer higher signal-to-noise ratio and better spectral resolution than 3T scanners and facilitate separation of glutamate and glutamine into distinct signals. In this study, we examined glutamate and other metabolites in the dorsal anterior cingulate cortex (ACC) of first-episode schizophrenia patients. Glutamate and N-acetylaspartate (NAA) were significantly lower in schizophrenia patients vs controls. No differences were observed in levels of glutamine, GABA, or other metabolites. In schizophrenia patients but not controls, GABA was negatively correlated with the total score on the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) as well as the immediate memory and language subscales. Our findings suggest that glutamate and NAA reductions in the ACC may be present early in the illness, but additional large-scale studies are needed to confirm these results as well as longitudinal studies to determine the effect of illness progression and treatment. The correlation between GABA and cognitive function suggests that MRS may be an important technique for investigating the neurobiology underlying cognitive deficits in schizophrenia.
Introduction
Understanding the molecular and structural mechanisms underlying clinical features of schizophrenia is an important step in identifying biomarkers and potential targets for novel medications, treatment strategies, and interventions. Converging evidence suggests that the pathophysiology of schizophrenia may include elevated glutamatergic activity in the early phases of the disorder 1 as well as progressive loss of brain volume. 2 It is possible that elevated glutamate levels reflect an excitotoxic process that contributes to the observed structural deficits in schizophrenia. [3] [4] [5] Early detection of altered glutamatergic activity could provide an opportunity to slow the potentially damaging effects of excitotoxicity.
In vivo studies using proton magnetic resonance spectroscopy (MRS) have reported glutamatergic abnormalities in schizophrenia that may depend on illness stage, medication status, and symptomatology. Multiple studies found that glutamate or glutamine are elevated in individuals at high-risk for developing schizophrenia, [6] [7] [8] in patients in the early stages of schizophrenia, 5, 6, [9] [10] [11] [12] [13] in unmedicated patients, 3, 14 and in treatment-resistant patients. 15, 16 In contrast, glutamate appears to be at normal or below normal levels in chronic and medicated patients. [17] [18] [19] [20] [21] [22] In the largest study to date, glutamate in the anterior cingulate cortex (ACC) was lower in adults with schizophrenia compared to controls, and ACC glutamate decreased linearly with age, whereas ACC glutamine increased with age. 23 Consistent with the latter finding, in another recent study with a large sample, 24 ACC glutamine was elevated in chronic and medicated patients. Glutamatergic alterations may be regionally-specific as has been observed in the prodromal phase 7 and the medicated and unmedicated states. 14, 25 Therefore, additional studies are needed to clarify the effects of illness stage, medication, clinical status, and brain region on MRS measures of glutamate and glutamine.
Most MRS studies of schizophrenia have been performed at field strengths of 1.5-4T. Higher field strengths provide better signal-to-noise ratio (SNR) and spectral resolution, which in turn allows for better detection and quantification of metabolite peaks. Lower field strengths, particularly fields ≤3T, are limited in their ability to separately quantify the overlapping signals of glutamate and glutamine. 26 As a result, many studies report a combined peak, Glx, that represents the sum of glutamate and glutamine, which makes interpretation difficult. High-field (7T) MRS offers improved detection of distinct glutamate and glutamine signals. To date, only 4 studies of schizophrenia using 7T MRS have been published. [27] [28] [29] [30] Rowland et al 29 found elevated glutamine/glutamate ratio in the ACC, Thakkar et al 30 observed reduced glutamate and GABA in the occipital cortex, and Brandt et al 27 found that ACC glutamate decreased with age in patients but not controls. Marsman et al 28 observed no significant differences in glutamate levels in medial prefrontal or parieto-occipital cortices. However, they observed lower GABA in patients, and GABA inversely correlated with cognitive functioning. 28 Notably, these 7T studies used mixed or older samples with relatively long illness durations. Any observed alterations in glutamate levels could be attributed to illness chronicity or effects of antipsychotic medications.
To better understand biochemistry in the early stages of schizophrenia and identify potential targets for the development of early interventions, we examined the neurochemistry of the ACC using high-field 7T MRS in a sample of first-episode patients with schizophrenia. We focused on the ACC because it plays a key role in emotion and cognition and is known to be affected in schizophrenia. 19, 31 Based on previous studies of patients in the early phase of schizophrenia, 5, 6, 12, 13 we hypothesized that glutamate would be elevated in first-episode patients and that glutamate would correlate with positive symptoms. Given evidence of reduced levels of N-acetylaspartate (NAA) in first-episode schizophrenia, 32 we also hypothesized that NAA levels would be reduced in patients.
METHODS

Participants
23 individuals with schizophrenia or schizoaffective disorder and 26 age-and sex-matched healthy controls were recruited from the University of Alabama at Birmingham psychiatric clinics and the general community and enrolled in this study. Exclusion criteria were major medical conditions, substance abuse within 6 months of imaging, neurologic disorders, previous serious head injury with a loss of consciousness for more than 2 minutes, and pregnancy. Two patients (one due to claustrophobia and one due to scanner size restrictions) and 5 controls (one failed drug screen, one MR contraindication, and 3 lost to follow-up) did not complete the study. Therefore, final analyses include 21 patients and 21 controls.
In this study, first-episode was defined as being within 2 years of starting treatment. Specifically, with only one exception, 15 patients were within 1 year and 5 patients were within 2 years of starting treatment. At the time of scanning, patients had been treated for an average of 55.3 weeks (table 1) and were on the following medications: 1 unmedicated, 16 risperidone, 2 aripiprazole, 1 clozapine, and 1 combination of clozapine and ziprasidone. Diagnoses were established by a psychiatrist (A.C.L.) and confirmed through review of patient medical records. Patients' symptom severity was assessed using the 20-item Brief Psychiatric Rating Scale (BPRS) and its positive and negative subscales. The UCSD Performance-Based Skills Assessment (UPSA) 33 was used to assess patients' functional capacity. General cognitive function for patients and controls was assessed with the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS). 34 All participants gave written informed consent. Before signing consent, all patients were evaluated for their ability to provide consent by completing a questionnaire probing their understanding of the study. The Institutional Review Boards of the University of Alabama at Birmingham and Auburn University approved this study.
MR Imaging
Imaging was performed at the Auburn University MRI Research Center on a MAGNETOM 7T MR scanner (Siemens Healthineers) equipped with a 32-channel head coil (Nova Medical). Three-dimensional structural images were acquired for anatomical reference (MPRAGE, TR/ TE/TI = 2200/2.96/1050 ms, flip angle = 7°, GRAPPA acceleration factor = 2, field of view = 224 × 224 mm, matrix = 320 × 320, slice thickness = 0.7 mm, 0.7-mm isotropic resolution, sagittal acquisition). Following shimming with FASTESTMAP (fast, automatic shim technique using echo-planar signal readout for mapping along projections) and optimization of the radiofrequency power, spectra were acquired from the dorsal ACC (27 × 20 × 10 mm) using an ultra-short echo time (TE) stimulated echo acquisition mode (STEAM) sequence (TR/TE/TM = 10 000/5/45 ms, 32 averages, 4 kHz spectral bandwidth, 2048 points) with outer volume suppression and VAPOR (variable power RF pulses and optimized relaxation delays) water suppression. 35 
MRS Processing
MRS analysis was performed in LCModel (version 6.3-1J) 36 using a simulated basis set and LCModel's default processing parameters. The basis set included alanine, aspartate, ascorbate, creatine (Cr), GABA, glucose, glutamine (Gln), glutamate (Glu), glycerophosphocholine (GPC), glutathione (GSH), myo-Inositol (mI), scyllo-Inositol, lactate, phosphocreatine (PCr), phosphocholine (PCh), phosphorylethanolamine, NAA, N-acetylaspartylglutamate (NAAG), taurine, and macromolecules. The macromolecule data were acquired from 4 healthy subjects using inversion recovery and STEAM (TR = 2000 ms, TI = 675 ms, 1632 averages total) and processed as previously described. 37 Spectra were eddy current corrected and quantified using the unsuppressed water signal (2 averages). SNR and line widths (full-width at half maximum, FWHM) were used to assess spectral quality. Cramer-Rao lower bounds (CRLB) were used as a measure of fit, and metabolites with CRLB < 20% were included in further analysis, except for NAAG for which the cutoff was 25%.
Metabolite levels were corrected for partial volume using Gasparovic et al's method. 38 Given our long TR (10 s) and ultra-short TE (5 ms), we did not include the corrections for T1 and T2 effects. To calculate the fractions of tissue and cerebrospinal fluid (CSF) in the MRS voxel, the structural MPRAGE image was segmented into gray matter (GM), white matter (WM), and CSF using SPM8. Binary images of the MRS voxels were created in MATLAB using the MRS raw data headers, and these images were then used to mask the tissue types. Tissue proportions were calculated in MATLAB. Metabolite levels are presented in institutional units.
Statistical Analyses
Statistical analyses were performed in SPSS (version 22). Independent-samples t tests and chi-square tests, as appropriate, were used to compare demographics between patients and controls. Univariate ANCOVA covarying for age, sex, and smoking was used to compare metabolite levels between the groups. The quantified metabolites were glutamate, glutamine, GABA, total NAA (tNAA = NAA + NAAG), total creatine (tCr = Cr + PCr), total choline (tCho = GPC + PCh), glutathione, myo-Inositol, taurine, and aspartate. The planned comparisons based on our hypotheses were glutamate and NAA. The remaining ANCOVAs were exploratory. Pearson correlation coefficients were used to assess relationships among metabolites and symptom severity (BPRS), cognition (RBANS), and functional capacity (UPSA). With the exception of the correlation between BPRS positive subscale and glutamate, all correlations were exploratory. If a significant correlation was observed with the RBANS total score, then we conducted post hoc correlations with the subscales. Statistical significance was P < .05. To correct for multiple correlations, we used Benjamini-Hochberg false discovery rate set at P < .05.
RESULTS
Demographics are summarized in table 1. Patients and controls did not differ in age, sex, or parental socioeconomic status. The patient group had a significantly greater number of smokers. As expected, the controls scored significantly higher on the RBANS.
Representative ACC voxel and spectra are shown in figure 1. Metabolite levels (institutional units) for patients and controls are presented in table 2. Some metabolites were excluded from analysis based on the CRLB cutoffs as described in the methods (creatine: 1 patient; aspartate: 2 patients and 1 control; NAAG: 5 patients and 1 control). Patients had significantly lower levels of glutamate and tNAA compared to controls after controlling for age, gender, and smoking (figure 2). There were no significant differences in the other metabolites, including glutamine, GABA, and glutamine/glutamate ratio (table 2, figure 2, and supplementary figure S1). The ANCOVA revealed significant effects of age for glutamine and myo-Inositol as well as significant effects of gender for glutamate, GABA, glutathione, tNAA, taurine, and phosphocreatine (all P < .05). In post hoc analyses of glutamate and tNAA, the GM proportion [GM / (GM + WM)] was used as an additional covariate, which resulted in no significant group differences (glutamate: P = .14; tNAA: P = . 19 ). There was a trend-level correlation between the BPRS positive subscale and glutamate (r = .45, P = .053) ( figure 3) . Glutamate, glutamine, and GABA did not significantly correlate with the BPRS total score or the BPRS negative subscale. In patients but not controls, GABA negatively correlated with the RBANS total score (patients: r = −.51, P = .03; controls: r = −.03, P = .89), the RBANS immediate memory subscale (patients: r = −.50, P = .03; controls: r = .004, P = .99) and the RBANS language subscale (patients: r = −.60, P = .008; controls: r = −.21, P = .39) (figure 3). In controls but not patients, glutamine negatively correlated with the RBANS immediate memory subscale (controls: r = −.49, P = .03; patients: r = −.23, P = .37) (figure 3). Glutamate did not correlate with the duration of untreated psychosis (P = .98) or the length of treatment (P = .36). The correlation analyses did not survive correction for Benjamini-Hochberg false discovery rate (supplementary table S1).
Discussion
This is the first 7T MRS study of first-episode schizophrenia. We used high-field 7T MRS to investigate the neurochemistry of the ACC. We observed reduced levels of glutamate and tNAA in the patient group. We found correlations between GABA and cognitive function in patients and between glutamine and cognitive function in controls. We also observed a trend for glutamate to correlate with positive symptoms in patients.
Based on recent MRS studies examining glutamate and glutamine in the early phases of schizophrenia and in unmedicated patients with schizophrenia, we hypothesized that glutamate would be elevated in this sample of first-episode patients. Hyperglutamatergic activity is consistent with evidence of hypofunction of the N-methyl-D-aspartate (NMDA) receptors in the pathophysiology of schizophrenia. 4, 39 Blocking NMDA receptors with ketamine or phencyclidine causes excessive glutamate release, [40] [41] [42] [43] so one possible mechanism for the hyperglutamatergic state might be hypofunction of NMDA receptors on GABAergic interneurons that leads to disinhibition of glutamatergic neurons. 4 Supporting this hypothesis, recent MRS studies have found elevated glutamate in the striatum of medication-naïve patients 6, 13 and in the medial prefrontal cortex and hippocampus of unmedicated patients. 3, 14 Furthermore, treatment with antipsychotic medications is associated with reductions in glutamate levels in the frontal cortex, 12 thalamus, 11 temporal cortex, 44 and striatum 13 in patients as assessed with MRS. Contrary to expectations, we observed lower glutamate in our sample of medicated first-episode patients.
It is possible that reduced glutamate in our sample may be due to medication 13, 44 because patients were treated for approximately 1 year. Alternatively, it is possible that our findings as well as those of Gallinat et al, 25 Wang et al, 45 and Kegeles et al 14 reflect regional glutamatergic abnormalities in schizophrenia. Gallinat et al 25 found that glutamate levels were significantly lower in the ACC but significantly higher in the hippocampus of medicated patients. This is notable because we also observed lower glutamate in the ACC, but our sample was younger with shorter illness and treatment durations, suggesting that lower ACC glutamate may be present in the early phase of the illness. This interpretation is supported by the findings of Wang et al 45 who observed lower glutamate + glutamine (Glx) in the medial prefrontal cortex of medication-naïve first-episode patients. Furthermore, Kegeles et al 14 observed elevated glutamate in the medial prefrontal cortex but not the dorsolateral prefrontal cortex of unmedicated patients, many of whom were antipsychotic-naïve, suggesting differential effects even within the prefrontal cortex. Given that regional variations in the concentrations of glutamate and GABA in cingulate subregions have been identified in healthy subjects, 46 which parallels findings of heterogeneous proportions of excitatory and inhibitory receptors in postmortem autoradiographic studies, 47 it is not surprising that glutamatergic abnormalities in schizophrenia might be expressed in a regionally-specific way. Thus, we need additional studies measuring glutamate in multiple brain regions of the same patients.
Currently, there are only 4 published studies using 7T MRS to investigate neurometabolic abnormalities in schizophrenia. In these studies, the average age of the patients ranged from 27.6 28 to 37.5 27 years, and the average illness duration ranged from 6.5 28 to 14.0 30 years (although one study did not report illness duration 27 ). In contrast, the average age of our sample was 23.2 years with an average treatment length of 55.3 weeks. Our finding of reduced glutamate is consistent with Thakkar et al 30 who observed lower glutamate in the occipital cortex, but their patients were older with chronic schizophrenia. Brandt et al 27 reported that ACC glutamate decreased with age in a group of older patients. Although we did not find differences in the glutamine/ glutamate ratio, lower glutamate levels could potentially increase this ratio, which Rowland et al 29 found to be elevated in the ACC of chronic patients. In summary, 7T MRS studies of schizophrenia have shown reduced glutamate in chronic and early-phase schizophrenia, in patients medicated for approximately 1 year and those medicated for numerous years, and in the ACC and the occipital cortex. Therefore, when considered as a whole, these studies suggest that reduced glutamate is not simply a consequence of illness progression, chronicity, or treatment and that the effect is not limited to a specific brain region. Additional studies are needed, particularly longitudinal studies with large samples of medicationnaïve patients, to directly assess the effects of treatment, illness progression, and brain region. Ideally, these studies should aim to leverage the advantages offered by high-field MR systems. In addition to reduced glutamate, we observed lower levels of tNAA in the ACC. NAA is thought to reflect neuronal health and integrity, and lower NAA might be expected when glutamate is elevated due to potential excitotoxic effects.
3,5 However, we report that both glutamate and NAA are reduced in the ACC of first-episode patients. Our finding is consistent with Kegeles et al 14 who reported lower NAA in the dorsolateral prefrontal cortex but not the medial prefrontal cortex of unmedicated patients, which is noteworthy because glutamate levels were normal in the dorsolateral prefrontal cortex. In a large study, Bustillo et al 24 found reduced NAA in the dorsal ACC, but their finding was concurrent with elevated glutamine. Nevertheless, all these results are consistent with a meta-analysis showing significant NAA reductions in the frontal lobe of both first-episode and chronic patients. 32 Lower NAA levels are consistent with postmortem evidence of reduced cortical thickness and decreased synaptic and mitochondrial densities in the ACC of people with schizophrenia. 48, 49 We acknowledge that it is possible that the NAA reduction in our sample is due to treatment with antipsychotic medications, so additional studies with larger samples of medication-naïve patients are needed to better understand the nature of NAA reductions.
We observed a trend for glutamate levels to correlate with positive symptoms as measured by the BPRS. Though not statistically significant, this finding may be clinically informative because it replicates prior studies. Kegeles et al 14 also reported that glutamate in the medial prefrontal cortex correlated with the positive symptoms, and Bustillo et al 24 found that glutamine in the dorsal ACC positively correlated with positive symptoms. This is important considering recent studies showing that glutamate is elevated in symptomatic nonresponders to treatment. 15, 16 Glutamate and glutamine have the potential to serve as targets for novel drug development as well as predictors of treatment response. We did not observe a correlation between glutamate and the UPSA, which contrasts with the recent report of Wijtenburg et al. 23 This discrepancy may be due to differences in the patient samples: they studied a large group of young and old patients whereas we studied a group of young first-episode patients. The field would benefit from additional studies examining the association between glutamate and functional capacity as well as the effects of illness stage on this relationship.
Because of recent reports of correlations between metabolites and cognitive function, we conducted exploratory correlation analyses with the RBANS. We observed that GABA levels in the patient group were negatively correlated with the RBANS. Importantly, this correlation did not survive correction for multiple comparisons; however, it replicates a recent finding by Marsman et al 28 who reported a negative correlation between intelligence and GABA in the medial prefrontal cortex of patients but not controls. The RBANS is designed to characterize general cognitive function across 5 domains: immediate memory, visuospatial/constructional, language, attention, and delayed memory. 34 Our observation appeared to be driven by the immediate memory subscale and the language subscale. Postmortem studies of schizophrenia have shown evidence of GABAergic abnormalities, particularly in GABAergic interneurons, which may negatively impact cognitive function in people with schizophrenia. 50 Supporting this idea, drugs that modulate GABA have been shown to affect working memory in people with schizophrenia and healthy controls. 51 Our observation as well as the finding of Marsman et al 28 contrasts with that of Rowland et al 20 who reported that GABA in the ACC was positively correlated with a coding test of attention for a pooled group of patients and controls. These differences could be due to the assessment instrument, imaging methodology, or participant characteristics. Nevertheless, our observation suggests that MRS may be a valuable tool for investigating the neurobiology underlying cognitive deficits in schizophrenia.
We acknowledge several limitations of our study. First, the sample size in this study is small. This is the first 7T MRS study of first-episode patients, and several of our results are consistent with previous studies, including reduced NAA, 32 an inverse correlation between GABA and cognition, 28 and a trend correlation between glutamate and positive symptoms.
14 Despite these consistencies, the metabolite differences that we report are small, and only large-scale studies with sufficient power will be able to provide convincing results. Second, patients were treated with antipsychotic medications and were not medication-naïve, which could influence metabolite levels. A recent study showed that glutamate levels in the striatum were lower following only 4 weeks of treatment. 13 Therefore, additional longitudinal studies of medication-naïve, first-episode patients are needed to better determine the effect of treatment on MRS measurements of glutamate and other metabolites in cortical and sub-cortical regions. Third, only one brain region was assessed, so we could not directly test whether the observed effects were specific to the ACC. Fourth, none of the correlations between metabolites and clinical variables survived correction for multiple comparisons. Fifth, we did not use an MRS technique designed to optimize detection of GABA. However, Wijtenburg et al 52 previously demonstrated good reproducibility of GABA in the ACC using the STEAM sequence at 7T. The purpose of our study was not to determine accurate concentrations of metabolites (ie, absolute quantification) but to examine relative group differences between patients and controls. Near et al 53 show that even at 3T, short-TE GABA measurements are significantly correlated with edited GABA measurements. In addition, at high SNR and narrow linewidth available at 7T, although the GABA concentration may be underestimated, the reproducibility is good, indicating consistency in the measurements. For studies of group differences, Near et al 53 conclude that measures of reproducibility are important for determining measurement efficacy. Nevertheless, the voxel size that we used was smaller than that of Wijtenburg et al 52 and may be too small for reliable GABA measurements, so additional studies using editing techniques are needed to validate our findings and further our understanding of GABA abnormalities in schizophrenia. Finally, when the GM proportion was added as a covariate, there were no significant differences in glutamate or tNAA, suggesting that the observed effect may be due to variations in tissue composition. Notably, the patients had a numerically greater proportion of GM in the MRS voxel in the context of lower metabolite levels, so future studies should not only account for these variations in tissue composition but also further investigate the impact of differential tissue-specific effects on the MRS metabolite signals.
In summary, we investigated neurometabolite levels in the ACC of young patients with schizophrenia using highfield 7T MRS. Our findings suggest that glutamate and NAA reductions in the ACC may be present early in the illness, although large-scale studies are needed to confirm these results as well as longitudinal studies to determine the effect of illness progression and treatment. The correlations between GABA and cognitive function and between glutamate and positive symptoms suggest that MRS may be an important technique for investigating the neurobiology underlying cognitive deficits and symptomatology.
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